We report the first experimental demonstration of an optical controlled-NOT gate constructed entirely in fibre. We operate the gate using two heralded optical fibre single photon sources and find an average logical fidelity of 90% and an average process fidelity of 0.83 ≤ F ≤ 0.91. On the basis of a simple model we are able to conclude that imperfections are primarily due to the photon sources, meaning that the gate itself works with very high fidelity.
Quantum information science aims to harness uniquely quantum mechanical effects to greatly improve performance and functionality in the encoding, transmission and processing of information. Single photons are the logical choice for quantum communication [1] , quantum metrology [2, 3] and lithography [4] , and are a leading approach to quantum information processing [5] . There have been a number of impressive proof-of-principle demonstrations of photonic quantum circuits in each of these areas, however, to date they have relied on largescale optical elements with photons propagating in air, making future practical applications difficult. Here we demonstrate an all fibre implementation of a controlled-NOT (CNOT) gate using two heralded single photon sources. We measure an average logical fidelity of 90% and an average process fidelity of 0.83 ≤ F ≤ 0.91. Using a simple model we find the remaining discrepancy to be due almost entirely to spectral properties of the heralded sources, demonstrating near-perfect operation of the fibre CNOT gate itself.
A major breakthrough showed that the interactions between photons required for photonic quantum technologies could be realized using a measurement induced optical non-linearity [6] . An important circuit built on such an interaction is the CNOT gate shown in Fig. 1(a) , which flips the state of the target qubit conditional on the control qubit being in the logical "1" state [7, 8] . The original demonstration of this circuit relied on a sophisticated interferometer to maintain the stable phase required in converting between polarization and path encoding [9, 10] . This complication was circumvented by schemes [11, 12, 13] which used "partially polarizing beamsplitters" (PPBS) with different reflectivities for each polarization: 1 and 1/3 for vertically and horizontally polarized photons respectively [ Fig. 1(b) ]. However, these demonstrations have all relied on large scale (bulk) optical elements bolted to optical tables, with photons propagating in air. Practical applications of these and other photonic quantum circuits will likely require a guided optical implementation to enable improved performance, miniaturization, and scalability.
We use the guided optical network of three partially polarizing fibre couplers (PPFCs) shown schematically in Fig. 2 , to implement a two photon CNOT gate. As with the previous bulk optical PPBS implementations, this circuit retains the polarization encoding throughout, removing the need for classical interference. In addition it guarantees excellent spatial mode-matching required to
The setup involves conversion from polarization encoding to spatial mode encoding via the use of polarizing beamsplitters (PBS) in the control, C, and target, T, modes followed by a non-classical interference on the central beamsplitter with a reflectivity equal to 1/3; two additional beamsplitters ensure correct output amplitudes, with a dotted line indicating a sign change on reflection. The beams are then recombined at further polarizing beamsplitters, creating multiple interferometers. Success of the gate is conditional upon detecting a photon at each of the target and control outputs, which occurs with probability 1/9. (b) The PPBS simplification of the gate.
FIG. 2:
An all-optical fibre quantum CNOT gate with heralded single photon sources. A ps 708 nm Ti:sapphire laser pumps two photonic crystal fibres (PCFs) creating a non-degenerate pair of photons at 583 nm and 900 nm. These are seperated at dichroic mirrors (DM), and pass through interference filters F1 and F2 with bandwidths of 0.2 nm and 0.8 nm respectively. Detection of the 583 nm photons heralds the arrival of the 900 nm control C and target T photons at the inputs to the CNOT gate.
Half-wave plates (HWPs) are used to create logical and diagonal input states. The gate consists of three partially polarizing fibre couplers (PPFC) with the specific reflectivities for horizontal and vertical photons as shown. The polarizations of the idler photons are then analysed using a HWP and a polarizing beam splitter (PBS) cube for each arm. Note that the Hadamard operations before and after the gate are integrated into the encoding and analysis wave plates. Quarter-wave plates (QWPs) set to 0
• are tilted to correct for the phase accumulated in the polarization maintaining fibres of the gate. All four photons are detected using Perkin Elmer silicon avalanche photodiodes (APD's) and sent to electronic 4-fold coincidence counting circuitry for analysis.
realize high-fidelity quantum interference, allows the gate to be miniaturized, and exhibits the criteria for scalable and integrable photonic quantum circuits.
A schematic of the experimental setup is shown in Fig. 2 . We used two heralded photon sources, consisting of two photonic crystal fibres [14] , to signal the arrival of the control and target photons. The CNOT gate is constructed from three partially polarizing fibre couplers (PPFCs): polarization maintaining fibre couplers with reflectivities R H = 1/3 and R V = 1. The first PPFC enables the control c and target t photons to interact via quantum interference and subsequent photon detection. The other two PPFCs serve to balance the quantum amplitudes and thereby maintain a uniform success probability of 1/9 [7, 8] . Polarization maintaining fibres allow two orthogonal polarizations (those parallel to the axes of birefringence) to propagate without rotation (horizontal and vertical in our case). These two polarizations travel at a different speed through the fibre, such that a superposition state will be rotated and ultimately decohere. This is coarsely corrected for within the gate by joining the PPFCs with a 90
• rotation at the connections (Fig. 2) . This rotation also has the effect of swapping the reflection coefficients R H ↔ R V , as required. The remaining phase shift is corrected by a tilted birefringent waveplate at each output of the gate. Multi-photon contributions are subtracted from the data [14] . . From these data we calculate average logical fidelities F ZZ =0.90±0.02 for the computational (ZZ) basis, and F XX =0.89±0.02 for the diagonal (XX) basis. These two classical fidelities can be used to place bounds on the quantum process fidelity F P [15] :
which gives 0.79 ≤ F P ≤ 0.89 for our all-fibre gate. This corresponds to an average process fidelity [10, 16] of 0.83 ≤ F ≤ 0.91 The quantum interference visibility V at the central PPFC is 94%, most likely due to spectral mismatch of the photons [14] . To understand and quantify the effect of this error we have developed a model based on Ref. 7 which also includes imperfect state preparation and analysis (Fig. 4) . The mode mismatch is modelled by introduction of two extra spatial modes C H2 , C V 2 ; although this is modelled as spatial, mismatch in all degrees of freedom are equivalent [17] . The beamsplitter values in the model are determined directly from measurement of the PPFC reflectivities. Incorrect state preparation and analysis is modelled using beamsplitters which mix the target and control H and V modes. Ideal operation in the computational basis corresponds to η 3a = η 4a = 1 and η 3b = η 4b = 1/2; and in the diagonal basis η 3a = η 4a = 1/2 and η 3b = η 4b = 1 (i.e. control and target are swapped). Imperfect quantum interference results in (equal) error terms on the diagonal of the truth table for the control "1" inputs, in both bases. Truth tables from the full model are shown in Fig. 3 .
As it is not possible to use the average fidelity to measure the distance between two non-ideal truth tables, we introduce the similarity S to compare the truth table generated by the model M and that measured experimentally E:
which is a generalisation of the average fidelity based on the (classical) fidelity between probability distributions [18, 19] . The similarity of the experimental data to the model is shown in Table I of the beamsplitter values from the ideal case proved to have a negligible effect on the fidelity, but were retained for completeness. The results show that while there were some small errors introduced through the waveplate positioning, most of the errors, 7.9% and 7.7% for the computational and diagonal bases respectively, were due to an imperfect interference visibility. The source of mode mismatch is unlikely to be spatial, as it has been shown previously that fibre beamsplitters exhibit interference visibilities of greater than 99% [20] . It is more likely that the mismatch arises through spectral differences between the photons emitted from the seperate sources [14] . Introducing imperfect state preparation and analysis causes the similarity of the model with the experimental results to rise by a further 2.3% and 3.8%, reaching 99.7% and 99.8% for the computational and diagonal bases respectively, confirming near-perfect operation of the CNOT gate itself. We have demonstrated a high-fidelity guided optical implementation of a two-photon CNOT gate operating on polarization. This opens the way for the development of integrated quantum optical devices and the miniaturization of photonic quantum circuits for future technologies as well as fundamental studies in quantum optics. 
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